Abstract: We present a general solution based in situ chemical etching strategy to synthesize ZnO nanotips arrays. The chemical etching can generate nanotips with controllable tip morphologies on various substrates, and the nanotips density is tunable via etching ZnO nanorods with different root diameters. The preferential etching along c axis and the curvature dependence of the NH 3 molecule absorption on the nanorod tip are considered responsible for the formation of ZnO nanotips. This general in situ chemical etching method will significantly advance the research in the ZnO nanotips based nanodevice.
Introduction
Synthesis of the nanoscaled tips has recently become an important goal owing to their wide applications in high-efficiency field emission, near-field optical microscopy, high-resolution atomic force microscopy and atomic resolution scanning tunneling microscopy [1] , in which the sharper tips give a strong field enhancement for the increased field emission current and better spatial resolution in scanning microscopy. The nanotips are also being explored for the use in different fields, such as solar cells, optoelectronics and bio/chemical sensing devices [2] . Until now, optical lithography has been playing the major role in fabricating sharp tips but limited to ~50 nm in radius [3] , and electron-beam or focused-ion-beam lithography can produce nanotips with smaller radius but only to the physical limitation of about 15 nm [4] . Nanomask assisted etching technique can further improve the nanotip radius [5] ; however, the expensive instruments and toxic etching agents become obstacles for their further industrialization.
One-dimensional (1D) ZnO nanostructures with many novel applications have recently stimulated wide attention due to their unusual semiconducting and piezoelectric properties since the discovery of ZnO nanobelts by Wang et al [6] . The main endeavor at present is to construct 1D ZnO array with particular structure for application as a nanodevice [7] , in which the controllable synthesis is crucial for the realization of ZnO-based electronic device [8] .
Currently, ZnO nanotips array has been considered as the most promising candidate in field emission and scanning microscopy applications due to their high melting point, thermal/chemical stability under harsh environments, predominant field emission performance and particularly preparation without relying on the use of lithography technique [9] . Optimum field emission performance can be obtained by adjusting the size and spacing of the tips or nanostructures so as to maximize the enhancement of the local electric field of individual emitter and the collective emission current from an ensemble of emitters [10] . In addition, ZnO nanotips arrays also have been used in photocatalysts, room temperature ferromagnetism, optoelectronics and bio/chemical sensing devices [11] . However, a number of crucial technological hurdles block the way for actual realization of these developmental works. Those include expensive preparation procedures, substrate dependent growth and uncontrolled nanotip morphology [9] [10] [11] [12] . Accordingly, a low cost and efficient nanofabrication process capable of delivering ZnO nanotip growth over large areas and on varied substrates with controllable tip morphology and nanotips density will significantly advance the research in the ZnO nanotips based technology.
Herein, we demonstrate a strategy of fabricating ZnO nanotips array by room temperature in situ chemical etching the preformed ZnO nanorods array, yielding an average nanotip radius of about 10 nm. We show that the morphology of the nanotip can be well controlled by the etching process. This method is general and can be performed on the ZnO nanorods array grown on different substrates, moreover, the mediation of the nanotips spacing is realized by chemical etching the preformed ZnO nanorods with different root diameters.
Experimental
ZnO nanorods array grown on silicon wafer was firstly prepared according to the literature [13] . Typically, ZnO nanocrystals were spin-coated onto a cleaned silicon wafer to form a seed layer and hydrothermal growth was carried out by suspending the wafer upside-down in an autoclave filled with an aqueous solution of 4 ml ammonia (25 %) and 80 ml zinc chloride solution (0.1 M) at 95 o C for 70 min (growth step). After growth, the wafer was thoroughly rinsed with deionized water, and suspended once again into a 90 ml diluted ammonia solution (0.5 %) at room temperature for 3.5 hrs (etching step), and then washed again.
For the case of nanotips array with 70 nm root diameter, the seed layer is also ZnO cluster but prepared according to procedures in the literature [14] , while that with 1000 nm root diameter, Au-film instead of ZnO seed layer coated Si wafer was used.
The morphology of ZnO nanotips array was examined by a field-emission scanning electron microscope (FESEM, Sirion 200), and the crystallinity of the nanotip was characterized by transmission electron microscopy (TEM). The crystal structure was characterized by x-ray diffraction (XRD) using Cu Kα line (Philips X'Pert). A He-Cd laser system was used to investigate the room temperature photoluminescence (PL) properties of the samples. Figure 1a shows a FESEM image of the highly uniform and densely packed ZnO nanotips array grown on Si wafer with a mass production (the measured nanotips number density is about 2×10 9 cm -2 ). The nanotips are nearly vertically aligned but slightly tilted, and have a narrow size distribution, as shown in Fig. 1b . The diameter of the nanotip and root area is about 10 nm and 200 nm, respectively. Careful examination reveals that the diameter increases uncontinuously from the tip to the root area and the length of the nanotip is about 200 nm. The cross-sectional TEM image of the ZnO nanotips array is shown in Fig. 1c , in which most nanotips grow nearly vertically and an obvious contrast of the root and tip areas can be clearly seen, which are in agreement with the SEM observations. It can also be clearly observed that the nanotips have an average length of about 2μm and a narrow root diameter distribution. Fig. 1d displays the HRTEM image of tip area of a single ZnO nanotip, which gives further evidence that the diameter of the nanotip is about 10 nm. The lattice fringes can be clearly seen and are perpendicular to the growth direction. The measured inter-plane spacing (0.52 nm) matches well with the literature reported value of (0001) Fig. 1d demonstrates the single crystal feature of the ZnO nanotips. The XRD pattern of the nanotips array (see Fig. 1e ) shows a strong diffraction peak at 2θ = 34.4 o (0002), indicating a highly preferential growth of ZnO nanotips along c-axis.
Results and discussion
As shown in Figs. 2a and 2b, the formation of the nanotips array undergoes two steps, the growth of the pyramid terminated ZnO nanorods array and the chemical etching to the preformed nanorods array. One can clearly see that after the chemical etching, the diameter of the tip part substantially decreases, while the diameter of the root part keeps unchanged. This result clearly demonstrates that the chemical etching can make the sharp nanorod becoming sharper, and the etching acts as a knife of sharpening the preformed nanorod. Interestingly, the sharpening does not work for the nanorod with a flat termination Fig. 2 . FESEM images of (a) the sharp ZnO nanorods array obtained using 4 ml ammonia and (c) ZnO nanorods array with a flat termination using 6 ml ammonia within the growth step. FESEM images of (b) the nanotips array and (d) ZnO nanotubes array obtained after chemical etching the nanorods array shown in (a) and (c) respectively using 0.5 % ammonia solution.
obtained using 6 ml NH 3 ·H 2 O in growth step, see Figs. 2c and 2d, in which the ZnO nanorod becomes a tubular structure after 3.5 hrs etching in 2 % ammonia solution and no nanotips were found through all the etching process (see Fig. 3 , the depth of the hollow part in the tubular structure is limited to a certain length, because once the tubular structure is formed the etching will shift to the edge area of the nanotube due to its high curvature), indicating that the formation of the ZnO nanotips array is closely related to the termination morphology of the nanorod obtained in the growth step.
It was found that the optimal concentration of the ammonia solution to form the ZnO nanotips array is within 0.5%~2.5%, and if 5% ammonia was used the pyramid terminated nanorods array will be fast etched out. Proper controlling the etching time and ammonia concentration can generate a series of nanotips with different tip heights, as shown in Fig. 4 , during a prolonged etching (from 3.5 to 5.5 hrs) in the 2% ammonia solution, the nanorod tip (original pyramid termination) is sharpened, simultaneously shortened, and gradually disappears, and finally the nanorod transforms to a tubular nanostructure (see Fig. 5 ). It was found that the depth of the hollow part in the tubular structure is limited to a certain length and can not extend to the whole length of the nanorod. From Fig. 3 , one also can see that the ZnO nanotips using 0.5 % ammonia solution can be obtained only within the etching time of 3.5~5.5 hrs, which indicates that long time etching is unfavorable for the formation of the ultra-sharp nanostructure.
The formation of the ZnO nanorods array is described by following chemical reactions. In the growth step, the precursor Zn(NH 3 ) 4 2+ reacts with OH -to form ZnO, and the equilibrium in equation (1) moves to the right, corresponding to the deposition of ZnO, which only happens at temperatures higher than 75 o C [15] . In the etching step, when the ammonia is diluted with distilled water, reaction (2) occurs, When the NH 3 molecules encounter the ZnO in solution, and it will lead to the dissolution of ZnO because the reaction (1) will shift to the left at room temperature [16] . NH + ⇔ ⋅ (2) The ZnO seed layer coated on the silicon wafer is composed of small islands with nearly uniform size distribution, and these small islands logically serve as nuclei for the growth of nanorods. Due to the preferential growth along c axis and the matching lattice structure with the seed layer, the ZnO crystals grow in the shape of nanorods with a good alignment [17] . In present study, the tip morphology of the ZnO nanorod can be simply controlled by the concentration of NH 3 ·H 2 O in the growth step, and an increasing of the concentration from 4 ml to 6 ml leads to the formation of ZnO nanorods with pyramid to flat terminations (see Figs. 2a and 2c) . The difference between the two morphologies is considered originated from the fact that the NH 3 ·H 2 O concentration directly affects the relative growth rates of different crystal facets resulting in a selective growth of nanorods with pyramid or flat terminations [18] . Why the sharpening process only happens in the case of sharp nanorod?
It is well known that NH 3 is a kind of polar molecule and there exists a lone pair of electrons in its electronic structure leading to an asymmetry of the positive and negative charge centers. On the other hand, because ZnO surface is also negatively or positively charged [17] , the negative (or positive) charge on the nanorod surface will attract the polar molecules of NH 3 , as shown in Fig. 6a . However, the density of the absorbed NH 3 molecules varies with the locations on the sharp nanorod. This is because the distribution of surface charge density is closely related with the curvature, and the higher the curvature, the higher the density of surface charges and thus the higher the surface electrostatic adhesion [19] . Therefore, for a sharp nanorod, the tip area has the highest surface charge density and thus can attract more NH 3 molecule compared with other areas.
From above discussion, it is reasonable to deduce that the etching of the ZnO nanorods takes place mainly at the tip area in a low concentration ammonia solution, while that occurs not only at the tip area but also on the whole surface of the nanorod in a high concentration ammonia leading to a fast dissolution of the ZnO nanorods [20] . At a low concentration of ammonia solution, the etching of the ZnO nanorod tip can be described by equation (1). The etching rates are different between the tip-most and root areas of the tip part because of the different NH 3 concentrations attracted by the ZnO surface. The relative faster etching rate at the tip leads to the faster dissolution of ZnO compared with the root area; therefore, a sharper and sharper nanotip is formed. Meanwhile, the etching is preferentially along the polar axis (c axis) owing to the polar nature of ZnO crystal [21] , therefore, the tip part of the pyramid terminated nanorod is shortened gradually, and when a nanotip is formed, despite of the easy etching out because of the ultrahigh curvature, a new nanotip is successively formed leading to a decreased height of the nanotip, finally a tubular nanostructure is formed after the whole tip part was etched out, as shown in Fig. 6b . Because there is no difference in the surface charge densities for the tip of nanorod with a flat termination due to its homogeneous curvature, the etching is preferential along c axis through all the etching process leading to the formation of a tubular nanostructure [22] .
The above principle can also be used to interpret why the depth of the hollow part in the tubular structure is limited to a certain length. It is because once the tubular structure is formed the etching will mainly shift to the edge area of the nanotube due to its high curvature. Etching the ZnO nanorod array with either a lateral surface protection by surfactants or applied electric field can lead to the formation of the nanotubes array [23] . Figure 7 gives the room temperature photoluminescence spectra of the pyramid terminated ZnO nanorods and nanotips array. Each PL spectrum is composed of three emissions situated at ultra-violet, green, and near infrared region, corresponding to band edge emission, defects-related emission and second-order band emission respectively [24] . One can see that the intensity of the band edge emission does not change, while the peak position has a 10 nm red shift from 386 to 396 nm after etching. The red shift is considered related to the lattice strain induced by the heterogeneously etching at the surface of the nanorod and that the photoluminescence is surface-states related [16, 25] . The enhanced intensity of the defects related emission provides a further evidence of the lattice strain after etching.
ADVANCED RESEARCH in PHYSICS and ENGINEERING ISSN: 1790-5117 Fig. 7 . PL spectra of a pyramid terminated ZnO nanorods array and nanotips array grown on silicon wafer using He-Cd laser system. It was found the chemical etching strategy is a general method for the fabrication of ZnO nanotips array. Other substrates (such as zinc, ITO glasses, ceramic tube/plate) also can be used to fabricate the ZnO nanotips array. Moreover, the easy mediation of the preformed nanorod root diameter and termination morphology [18, 26] in the growth step allows for the realization of ZnO nanotips with different root diameters via the chemical etching. Figure 8 shows that the chemical etching strategy can be performed on the ZnO nanorods arrays with different root diameters, yielding the nanotips array with different tip surface densities. Fig. 8 . FESEM images of (a) ZnO nanorods array with an average diameter of 70 nm prepared via hydrothermal method on ZnO-seed-layer coated Si wafer and (b) nanotips after chemical etching using 0.5 % ammonia solution. FESEM images of (c) ZnO nanorods array with an average diameter of about 1000 nm prepared via hydrothermal method on Au-coated Si wafer, and (d) and (e) nanotips after chemical etching using 0.5 % ammonia solution for different times.
Conclusions
In summary, a room temperature in situ chemical etching strategy has been demonstrated to fabricate ZnO nanotips arrays. The substrate independency, the controllable nanotip morphology and root diameter of the ZnO nanotips array are particularly favorable for enhancing performance in many applications due to the more room of selecting not only a substrate with better affinity but also an optimum nanotips surface density and morphology. The chemical etching strategy provides an avenue of a general, low-cost, flexible and high reproducible fabrication of the ZnO nanotips array, and can be set as an example for the synthesis of other metal oxide nanotips. The etching products can be tubular structures both for the flat and pyramid terminated nanorods, showing that the chemical etching is also a promising method of low-temperature synthesizing the ZnO nanotubes array.
